The homeobox gene tinman and the nuclear receptor gene seven-up are expressed in mutually exclusive dorsal vessel cells in Drosophila, however, the physiological reason for this distinction is not known. We demonstrate that tin and svp-lacZ expression persists through the larval stage to the adult stage in the same pattern of cells expressing these genes in the embryo. In the larva, six pairs of Svp-expressing cells form muscular ostia, which permit hemolymph to enter the heart for circulation, however, more anterior Svp-expressing cells form the wall of the dorsal vessel. During pupation, the adult heart forms from a chimera of larval and imaginal muscle fibers. The portion of the dorsal vessel containing the larval ostia is histolyzed and the anterior Svp-expressing cells metamorphose into imaginal ostia. This is the first demonstration that the significant molecular diversity of cardial cells identified in the embryonic heart correlates with the formation of physiologically and functionally distinct muscle cells in the animal. Furthermore, our experiments define the cellular changes that occur as the larval heart is remodeled into an imaginal structure in an important model organism. q
Introduction
In recent years, much progress has been made in defining transcription factors necessary for heart development in a number of model organisms (for reviews, see Lyons, 1996; Olson, 1997) . Numerous in vivo studies have identified an important role for myocyte enhancer factor-2 (MEF2) in heart differentiation in Drosophila and mice (Bour et al., 1995; Lilly et al., 1995; Ranganayakulu et al., 1995; Lin et al., 1997) ; the NK-homeobox gene tinman was first identified in Drosophila and is required for normal heart development in Drosophila, zebrafish, mice, and humans (Azpiazu and Frasch, 1993; Bodmer, 1993; Lyons et al., 1995; Chen and Fishman, 1996; Schott et al., 1998) ; and GATA factors are also required for normal heart development in Drosophila, mice and zebrafish (Kuo et al.,1997; Molkentin et al., 1997; Gajewski et al., 1999; Reiter et al., 1999) . The transcription factor dHAND is required in vertebrates for normal cardiac morphogenesis (Srivastava et al., 1997) , and a Drosophila homolog expressed at high levels in the embryonic dorsal vessel has also been recently identified (Moore et al., 2000) . Clearly there is a striking conservation of cardiogenic function within transcription factor gene families between diverse model organisms.
Morphological studies of the Drosophila circulatory organ, the dorsal vessel, have revealed the presence of a number of distinct cardial cell types (reviewed in Campos-Ortega and Hartenstein, 1997; Bodmer and Frasch, 1999) . In abdominal segments A5-A8, the dorsal vessel has a wide bore and this region is termed the heart. Cells comprising the heart include muscular cardial cells used for pumping hemolymph in an anterior direction through the lumen of the vessel, and cells forming openings termed ostia, which permit hemolymph to enter the heart for circulation. More anteriorly, in segments T3-A5, the dorsal vessel has a narrower diameter and is termed the aorta. Although the aorta also is muscular, no ostia perforate the vessel wall.
In addition to the muscular cells of the dorsal vessel tube, additional cell types are associated with the circulatory system. Specialized skeletal muscles called alary muscles support the heart, by attaching to the heart and to the body wall at the segment border. Pericardial cells, which are thought to act as stationary macrophages, flank the muscular heart tube (Rizki, 1978) . Although cardial, pericardial, and alary muscle cells are each found in both the larval and the adult circulatory system (Miller, 1950; Rizki, 1978) , relatively little is known of the contribution of larval structures to the adult heart, even though understanding cardiac remodeling events during metamorphosis might shed light upon post-embryonic development of the heart in other animals. Studies in Drosophila and Calliphora indicate that at least some of the larval heart persists through to the adult stage, yet the precise cellular details of this have yet to be described (Jensen, 1973; Rizki, 1978; Curtis et al., 1999) .
Molecular studies have demonstrated that the embryonic dorsal vessel in Drosophila consists of at least two genetically distinct muscular cell types which are distinguishable based upon their expression of either the homeobox gene tinman, or a lacZ enhancer trap inserted into the orphan nuclear receptor gene seven-up (termed svp-lacZ; Mlodzik et al., 1990; Gajewski et al., 2000; Ward and Skeath, 2000) . Tin-expressing and Svp-expressing cells are found in each segment of the dorsal vessel, where four of the six pairs of cardial cells express tin and the remaining two pairs express svp-lacZ (Bodmer and Frasch, 1999) . However, relatively little attention has been focused upon the functional significance of these diverse expression patterns, nor whether these molecular distinctions are apparent at later stages of development.
In this paper, we have for the first time combined morphological and molecular biological studies of the larval and adult dorsal vessel, by comparing the locations of specific cell types with the expression of particular cardial cell markers. In the larva, we found that the most posterior three pairs of Svp-expressing cells form the ostia, whereas the Tin-expressing cells form the muscular wall of the dorsal vessel. Interestingly, more anterior Svp-expressing cells in the larva do not form ostia, but maintain a small size relative to the Tin-expressing cells. During pupation, the posterior of the larval heart is lost, and more anterior cells are remodeled to form the adult heart tube. The morphologically distinct Tin-and Svp-expressing cells persist throughout this time, and form structures analogous to those found in the larva: Tin-expressing cells form the adult heart tube whereas Svpexpressing cells form the adult ostia. These findings detail the morphological changes that occur in the heart during remodeling in development and define for the first time specific roles for genetically distinct classes of heart muscle cells.
Results
Our goal in these experiments was to determine if genetically distinct cells of the dorsal vessel form cell types distinguishable from each other in the mature heart tubes of larvae or adults. For clarity, we shall describe in turn the molecular diversity and morphological structure of the larval heart, the larval aorta, and the adult heart. 2.1. Structure of the larval heart: heart growth during development results from an increase in cell size and not cell number
The larval dorsal vessel is a linear tube located medially, close to the dorsal body wall (Rizki, 1978; Bodmer and Frasch, 1999; Fig. 1A) . To describe in more detail the ultrastructure of the larval heart, we visualized myofibrils using the F-actin binding chemical phalloidin. The wall of the Fig. 1 . Posterior of the late third larval instar dorsal vessel. (A) Third instar larva stained with phalloidin (green) to visualize the location and structure of the dorsal vessel within the body of the animal. The heart (ht) was associated with three pairs of large alary muscles (al) in segments A6-A8. The aorta region (ao) was thinner and easily dislodged from its location and was associated with smaller alary muscles and longitudinal muscles (lm). The musculature was sparsely arranged in the dorsal vessel, as indicated by the weak fluorescence compared to the body wall muscles (bwm). (B) Phalloidin (green) and anti-MEF2 (red) staining revealed the ultrastructural arrangement of cells and nuclei in the mature larval heart. Note the spirally arranged myofibrils. Ostia were identified as discontinuities in the heart wall (arrowhead), closely associated with two pairs per segment of MEF2-positive nuclei (labeled S). Elsewhere, four pairs per segment of MEF2-positive nuclei were observed in cells forming the heart wall (labeled T). (C) Phalloidin (green) and anti-Tin (red) staining revealed that tin expression (T) in the heart persisted through the end of the third larval instar, however, Tin-expressing nuclei were not located at the ostia. Note the presence of the cardiovascular valve in A5 as a thickening in the heart wall (cv). dorsal vessel contained a thin layer of myofibrils, spirally arranged relative to the body axis. In a part of segment A5, all of segments A6 and A7, and a small part of the dorsal vessel that projects into A8, phalloidin staining was more intense than in the aorta and revealed the presence of three pairs of openings perforating the wall of the heart. The ostia are at the A7/A8 boundary, the A6/A7 boundary (Fig. 1B) , and the A5/A6 boundary (Fig. 1C) . These are identical in location and appearance to the ostia originally described by Rizki (1978) .
To describe the arrangement of individual cells within the heart, we initially studied the distribution of MEF2 protein in the nuclei of heart cells, since this protein is present in all muscular dorsal vessel cells of the embryo. We found that there was a repeating pattern of six pairs of MEF2-positive cardial nuclei per segment in the larval heart and that each ostium was flanked closely by two of these MEF2-positive nuclei, suggesting that each ostium formed from two cells. In Fig. 1B , one nucleus of each of the two pairs of nuclei forming the ostia is labeled 'S'. The cardial nuclei located away from the ostia are labeled 'T'. Since the embryonic heart consists only of six pairs of cardial cells per segment, these findings indicate that the increase in heart size during larval growth results simply from an increase in cell size rather than an increase in cell number. This increase in cell size is consistent with the observations of Rizki (1978) that larval dorsal vessel cells are polytenized.
2.2. tin and svp-lacZ expression in the larval heart: Svpexpressing cells form the ostia Since the svp-lacZ reporter is expressed in two pairs of cardial cells per segment (Bodmer and Frasch, 1999) , and given that two pairs of cells give rise to the ostia in each segment, we determined if the location of the ostia corresponded to either the Tin-expressing or the Svp-expressing cells of the heart. Fig. 1C shows a larval heart stained with an antibody against Tin and counterstained with phalloidin. There were four pairs of Tin-positive nuclei per segment, yet in contrast to the MEF2 stain in Fig. 1B no nuclei were observed in the region of the ostia. In Fig. 1D , a svp-lacZ larva was stained with an antibody against the b-galactosidase reporter and counterstained with phalloidin to visualize the ostia. In this case, the location of the Svp-expressing nuclei corresponded exactly to the location of the ostia. These results indicate that the expression of svp-lacZ defines the locations of the ostia formed in the larval heart.
Genetically distinct cells in the larval aorta: Svpexpressing cells persist but do not form ostia
In more anterior segments (A1-A5), there are no ostia (Rizki, 1978; Curtis et al., 1999 ; this study). Anti-MEF2 staining revealed that the arrangement of six pairs of cardial nuclei per segment was retained, and notably that two pairs of cardial cell nuclei per segment were smaller than other nuclei in the aorta ( Fig. 2A and inset ). This observation has not been previously reported.
To correlate the location of these novel morphologically distinct nuclei with genetic markers for the dorsal vessel cells, we studied tin and svp-lacZ expression in the aorta compared to expression of markers found in all aorta nuclei. To correlate Tin accumulation with the presence of the smaller nuclei, we were unable to perform a double immunostain for Tin and MEF2 since both antibodies were raised in rabbit. We therefore studied Tin accumulation compared Fig. 2 . Expression of Mef2, tin and svp-lacZ in the third instar larval aorta. (A) Phalloidin (green) staining revealed that there are no ostia in the wall of the dorsal vessel anterior to the A5/A6 segment boundary (A4 is shown here as an example). Anti-MEF2 staining (red) revealed that the pattern of six pairs of cardial cell nuclei per segment was retained in the aorta. Note that two of the pairs of nuclei were smaller than the remainder (labeled S, and inset). (B) Broad Complex Z1 isoform (red) was detected in all cardial cell nuclei, whereas Tin protein (green) was only detected in the four large pairs of aorta nuclei per segment. There was little Tin protein detected in pericardial cells. The smaller cardial cells (S) appeared red due to absence of Tin protein (inset). (C) Svpexpressing nuclei (red) co-expressed MEF2 (green) but were smaller than the other MEF2-positive nuclei of the aorta. Scale bar: 25 mm.
to that of the Broad Complex Z1 zinc finger protein (BRC-Z1). BRC-Z1 accumulates in all muscular cardial cell nuclei of the dorsal vessel late in the third larval instar (Fig. 2B) and therefore serves as a useful marker for both the large and small nuclei. BRC-Z1 also accumulates in pericardial cell nuclei and body wall muscle nuclei, however, we have not rigorously studied the accumulation of this protein other than in the heart. When we studied Tin accumulation compared to that of BRC-Z1, we detected Tin in the four pairs of large aorta cell nuclei, and not in the much smaller two pairs of nuclei per segment ( Fig. 2B and inset) . This suggested that the smaller nuclei belonged to the Svpexpressing cells. This was confirmed by double-labeling larvae for svp-lacZ and Mef2 expression, which revealed that svp-lacZ was expressed only in the smaller nuclei within the aorta (Fig. 2C) .
It is interesting to note that the arrangement of myofibrils was discontinuous around the Svp-expressing cell nuclei compared to the myofibrils of the rest of the heart wall ( Fig. 2A) . We interpret this as the Svp-expressing cells being smaller than the other cardial cells, and the discontinuities probably represent the edges of these small cells.
In summary, tin and svp-lacZ expression, previously demonstrated to occur in mutually exclusive cells in the embryo, persisted in the cells of the dorsal vessel throughout larval development. In the heart region, the Svp-expressing cells formed ostia, whereas the Tin-expressing cells formed the muscular wall of the heart. In the aorta, tin and Svp-lacZ expression persisted yet no ostia were formed. Despite this, the Svp-expressing nuclei were distinguishable based upon their smaller size.
2.4. Organization of the heart during pupal development: the larval dorsal vessel persists through metamorphosis, and a new cell layer is added to the developing adult heart
The persistence of Svp-lacZ expression to later stages in the larval aorta suggested that its expression in cells at this stage might still have some functional significance. There is evidence in Drosophila (Rizki, 1978; Curtis et al., 1999) and another Dipteran, Calliphora (Jensen, 1973) , that part of the larval heart persists through the pupal stage to form the imaginal heart. Since MEF2-expressing cardial nuclei in the aorta of the larva showed morphological differences in size, this allowed us to study the contribution of the larval dorsal vessel to the adult heart simply by studying the distribution of MEF2 and phalloidin in the dorsal vessel during pupal development (Fig. 3) .
At 48 h after puparium formation (h APF), approximately halfway through pupal development, a number of alterations had occurred to the dorsal vessel. The posterior tip corresponding to the larval heart was surrounded by large cells which stained strongly with phalloidin and which were likely to be phagocytes engulfing the posterior heart tube (Fig. 3A) . This correlated with our findings in Fig. 4 (see below) that the adult heart is shorter than the larval heart, since it extends only as far back as the A5/A6 junction. In addition, there were few alary muscles attached to the heart. Transverse myofibrils were visible in the heart (higher magnification view shown in Fig. 3a) , although the staining intensity was much lower compared to larval stages.
By visualizing MEF2 in the pupal heart at 48 h APF, two major facts were apparent (Fig. 3B) . Firstly, there were six large pairs of nuclei visible in the heart tube in each segment. That these six pairs of nuclei corresponded to the six pairs of larval nuclei per segment was confirmed by the observation that two of the pairs of nuclei were smaller than the remaining four pairs, corresponding to the Svp-expressing aorta nuclei of the larval stage (higher magnification view in Fig. 3b) .
The second observation was that in addition to the large MEF2-positive nuclei there were a number of smaller MEF2-positive nuclei spreading over the ventral surface of the developing adult heart, suggesting that the adult heart is a more complex structure than the larval heart. Since these smaller nuclei were detected only at pupal stages and later, we have termed them imaginal nuclei. These imaginal nuclei were smaller than nuclei of the persistent larval dorsal vessel.
At 72 h APF, phalloidin staining revealed that longitudinal myofibrils were visible over the ventral surface of the intact heart tube from the larval stage (Fig. 3C , and higher magnification view in Fig. 3c ). The predominance of these longitudinal fibers in A1-A3 segments correlated with the large number of imaginal nuclei on the ventral side of the heart tube (Fig. 3D) . The presence of six pairs of larval nuclei per segment was also distinguishable at this stage. Furthermore, openings in the heart wall were observed in segments which did not contain ostia in the larva (Fig. 3c shows an ostium in segment A3).
These findings demonstrate for the first time in detail that the morphologically distinguishable cells which form the larval heart persist through pupal development to form part of the adult heart. In addition, new imaginal cells migrate over the persistent heart tube to form longitudinally arranged muscle fibers. However, it was unclear at this point what the eventual fate of the Tin-and Svp-expressing cells might be in the adult heart. 2.5. Structure of the adult heart: tin and svp-lacZ expression persist and the Svp-expressing cells form ostia in the imaginal heart As a consequence of the morphological events that occur during the pupal stage, the adult heart is a chimeric structure of both larval and imaginal cells. Phalloidin staining demonstrated that the mature heart extended along the dorsal midline of the abdomen from segment A1 through the A5/ A6 junction, indicating that the adult dorsal vessel was two segments shorter than the larval structure (Fig. 4A) . High power images of phalloidin-stained samples demonstrated that the muscular tube of the heart contained densely packed transverse myofibrils, over the ventral surface of which was a layer of longitudinal muscle fibers (Fig. 4B) . MEF2 protein was detected in six pairs of cardiac nuclei per segment deriving from the larval heart tube, and in many smaller imaginal nuclei associated with the longitudinal fibers (Fig. 4B) . These are the most detailed descriptions to date of the formation, structure, and cellular arrangement of components of the adult heart in insects.
The smaller pairs of nuclei detected in the heart tube, corresponding to the Svp-expressing cells of the larval aorta, were still distinguishable at the adult stage. Furthermore, their location corresponded exactly to the location of ostia in the adult heart (see arrowhead in Fig. 4B ). To further confirm this, we studied the structure of the heart in paraffin sections stained with anti-MEF2 to visualize the cardial cell nuclei, and counterstained with eosin to visualize the tissue (Fig. 4C) . The smaller MEF2-positive nuclei of segment A2 were clearly distinguishable from their larger neighbors. Furthermore, these nuclei were located within thin flaps projecting into the lumen of the heart, which are identical in structure to the ostial flaps described by Miller (1950) . Together, the morphological data from the phalloidin staining and the data from the section in Fig. 4C provide strong evidence that the smaller nuclei give rise to the heart ostia.
To confirm that the smaller ostia-forming cells corresponded to the Svp-expressing population of cells, we determined if tin and svp-lacZ were still expressed in mutually exclusive domains in the adult heart. By labeling hearts from svp-lacZ individuals with antibodies to Tin and bgalactosidase, we found that the expression of these two proteins was mutually exclusive (Fig. 5A ). This demonstrated not only that tin and svp-lacZ expression persisted to the adult stage, but also that they retained expression in mutually exclusive domains of the heart. In addition, note At 48 h APF, the heart in A5 and A6 was engulfed by brightly fluorescent cells likely to be phagocytes. Few alary muscles (al) were detectable and the developing adult body wall muscles (bwm) also were difficult to see. Note the transverse arrangement of myofibrils in the developing adult heart (ht) at this stage (panel a). (B) MEF2 was detected in six pairs of nuclei per segment (labeled T and S), including the morphologically distinguishable smaller nuclei (labeled S in panel b). Note also that smaller MEF2-positive imaginal nuclei were observed, particularly in more anterior segments. Linearly arranged nuclei of the developing adult body wall muscles were visible. (C) At 72 h APF, the musculature of the heart was more easily visible; new alary muscles were observed, as well as longitudinal fibers (lf) spreading along the ventral side of the heart. The longitudinal fibers, as well as an opening in the heart tube likely to be an adult ostium (arrowhead), are shown at higher magnification in panel c. Note that this developing ostium was located in a more anterior segment than where the larval ostia were found. (D) MEF2 accumulation persisted in the six pairs of larval nuclei per segment, although these nuclei were sometimes difficult to distinguish given the large number of imaginal nuclei over the ventral side of the heart. The smaller larval nuclei could still be distinguished (panel d), however, in this case only two of the four S nuclei were in the plane of focus. Scale bar, 200 mm for (A-D); 60 mm for (a-d).
that the Svp-expressing nuclei retained their smaller size relative to the Tin-expressing nuclei.
To further correlate the presence of the ostia with tin and svp expression, we next performed double labeling experiments to visualize actin filaments alongside either cell population. We found that Tin was detectable in the four pairs of large nuclei per segment of the adult heart and that this location did not correspond to the ostia (Fig. 5B) . In contrast, we found that svp-lacZ lines accumulated b-galactosidase in the morphologically small nuclei located at or in the ostia (Fig. 5C ).
Taken together, our results for the first time demonstrate that molecularly distinct heart cells within the embryonic dorsal vessel ultimately adopt unique fates which correspond to the genes which they express. Tin-expressing cells form the muscular wall of the heart tube, which is perforated in both larval and adult stages by ostia formed from the Svp-expressing cell population.
Discussion
Many animals use a muscular heart to pump blood around the body. In all cases studied, the heart is a complex organ containing a diversity of cell types which carry out specific functions, such as the inflow and outflow tracts as well as the muscular pump itself. Understanding how this diversity of cells is specified and realized is a central challenge in the field of heart development and is critical in comprehending and treating heart diseases in vertebrates (reviewed in Srivastava and Olson, 2000) .
Despite the relatively simple linear nature of the Drosophila heart tube, classical studies have identified numerous distinct cell types within the dorsal vessel which likely carry out essential functions (reviewed in Bodmer and Frasch, 1999) . Here, we have shown for the first time that two of these distinguishable cell types develop from genetically distinct populations of cells. Tin-expressing cells form the Fig. 4 . Structure of the adult heart. (A) Ventral view of the dorsal abdomen of an adult stained with phalloidin (green). The heart extended to the A5/A6 junction and consisted of a muscular tube containing densely packed transverse myofibrils. This tube was perforated by four pairs of ostia (arrowheads). Three pairs of alary muscles (al) and body wall muscles (bwm) were apparent. Faint staining over body wall muscles represented fat body. (B) Higher magnification of adult heart stained with phalloidin (green) and anti-MEF2 (red) revealed greater detail of heart structure. The longitudinal myofibrils first detected at 72 h APF were apparent and were clearly associated with the small imaginal nuclei (in). At a lower plane of focus, six pairs per segment of persistent larval nuclei could be seen, maintaining their characteristic dimorphism in size: the large T nuclei and the smaller S nuclei. The location of the A3 ostia pair is indicated by an arrowhead. (C) Anti-MEF2 staining (brown) of 48h APF pupal heart sections revealed that the morphologically smaller nuclei formed ostial flaps that projected into the lumen of the heart. T, large larval dorsal vessel nucleus; S, small larval dorsal vessel nucleus; in, small imaginal nuclei. Scale bars: (A), 50 mm; (B), 25 mm; (C), 10 mm.
heart wall, whereas Svp-expressing cells form ostia. The significance of this molecular and physiological diversity is particularly great since the distinction is maintained throughout the life cycle of the animal, even through a period of considerable heart remodeling.
Our finding is also striking given the functions of a svp homolog in vertebrates. The chick ovalbumin upstream promoter-transcription factors I and II (COUP-TFI and II) are highly similar in amino acid sequence to Svp (reviewed in Tsai and Tsai, 1997) . COUP-TFII expression during early mouse embryogenesis includes the developing atria and sinus venosus, and gene knockout experiments demonstrated a requirement for COUP-TFII in the formation of these structures (Pereira et al., 1999) . Since the atria and sinus venosus correspond to the inflow tracts of the vertebrate heart, it could be argued that the similar proteins COUP-TFII and Svp are associated with the formation of homologous structures. While we have not demonstrated a functional requirement for svp in the formation of the ostia, this would be a reasonable assumption. Recently, it was demonstrated that svp mutants show tin expression in all six pairs of cardial cells per segment, indicating a role for Svp as a direct or indirect repressor of tin expression (Gajewski et al., 2000; Lo and Frasch 2001) . However, the ostia of the embryo are so small that it would be technically difficult to assess ostium formation in svp mutants.
Our experiments also support and extend previous observations of the structure and metamorphosis of the larval into the adult heart. Studies have demonstrated that there is some contribution of the larval heart to the adult structure (Rizki, 1978; Curtis et al., 1999) , however, the cellular details of this relationship were not clear. By identifying morphologically and genetically distinct nuclei in the larval heart tube, we used pupal time points to demonstrate unequivocally that portions of the larval heart contribute to the adult structure.
At 48 h APF (Fig. 3A,B ) and even as early as 24 h APF (data not shown), the posterior tip of the larval heart in segments A6-A8 became loosely associated with the overlying epidermis and was engulfed by large cells staining intensely with phalloidin. Based upon their size, these cells are likely to be macrophages which phagocytose histolyzing larval tissue (see for example, Lanot et al., 2001) , suggesting that some of the larval heart is lost upon metamorphosis. We have also noted that tin expression in the A6-A8 segments is strongly down-regulated at the onset of pupariation, also suggesting that these cells may not survive to adulthood (our unpublished observations). Furthermore, Jensen (1973) demonstrated that part of the Calliphora larval heart is engulfed by macrophages during pupal development. The loss by histolysis of the posterior two segments of the larval heart is also consistent with the observations by us and others that the adult heart spans fewer segments than the larval heart (Miller, 1950; Rizki, 1978; Curtis et al., 1999; Figs. 1 and 4) . Since the ostia of the larva are in regions of the heart lost during pupal histolysis, ostia must form more anteriorly in the adult heart. We showed that the adult ostia once again derive from the Svp-expressing population of cells. However, since the more anterior Svp-expressing cells do not form ostia earlier in development, it is clear that svp expression alone is not sufficient for ostium formation. It is currently unclear as to which additional factors may contribute to ostium formation in only a subset of the Svp-expressing cells at any particular stage of development. It is possible that segmentation genes determine subdomains of the heart along the anterior-posterior axis. This is supported by the observation that ultrabithorax function is required to distinguish between pericardial and lymph gland cell fates in the embryo (Rodriguez et al., 1996) , however, a role for homeotic genes controlling cardial cell fate has not been addressed.
We also describe in detail the structure of the adult heart, which is far more complex than the larval aorta from which it derives. New longitudinal muscle fiber appears during the pupal stage, however, the origin and function of these cells is far from clear. Since the myofibrils show strong striations, it is possible that they arise from the skeletal muscle lineage, perhaps as modified alary muscles. Support for this argument comes from the observation that there are more imaginal nuclei than there are imaginal muscle fibers. This suggests that these cells are syncitial, a characteristic normally reserved for skeletal muscles, and contrasts with the mononucleate nature of the cells of the heart tube (Rizki, 1978) . However, we have not studied the expression of any skeletal muscle-specific markers in the adult heart, and recent studies suggest that visceral muscle fibers may also be syncitial (Klapper et al., 2001; San Martin et al., 2001) . Therefore the nature of the longitudinal fibers remains unclear.
What might be the function of the longitudinal fibers? Given the close association of these fibers with the heart tube, the longitudinal fibers probably do not function as a dorsal diaphragm observed in some insects. Perhaps this structural arrangement arises to compensate for the gross changes in body plan that take place during pupation. Since the larva moves around by sequential contractions of all segments, this mode of locomotion may aid circulation of hemolymph through the dorsal vessel. By contrast, adult locomotion does not result in distension of the abdomen, therefore the longitudinal fibers may function to assist in circulation. If this were the case, one would predict that longitudinal fibers would contract at the same rate as the heart, however, this is not known. An answer to this question will ultimately come from the identification of the origin of these cells and their ablation during development.
Experimental procedures
All stocks were grown on Carpenter's medium (Carpenter, 1950 ) in either plastic vials or plastic bottles, at 258C. y w was used as a non-mutant control strain.
For larval preparations, wandering third instar larvae were removed from the culture vessel and initially pinned through the head to a Petri dish containing Sylgard 184 (Dow Corning Corp., Midland, MI, USA) with the dorsal side down. A longitudinal incision was made along the ventral midline using fine scissors, and the body wall was stretched and pinned out to generate a flat fillet. Viscera were removed, taking care not to dislodge the heart in its location at the dorsal midline. The nervous system and other anterior structures including the imaginal discs were left intact, as the anterior end of the heart is not attached to the dorsal body wall and the heart would otherwise move too freely.
For adult preparations, the abdomen was removed from adults 0-6 h after eclosion and abdomens pinned dorsal side down through the posterior tip. The ventral cuticle was removed with scissors and the preparation pinned flat. Viscera were removed as indicated above, although the adult heart is much more strongly attached to the dorsal cuticle.
All dissections were in 1 £ phosphate-buffered saline (PBS). Samples were fixed in 3.7% formaldehyde in 1 £ PBS for 20 min on ice, then washed twice for 5 min in 1 £ PBS, with gentle agitation. All subsequent steps were with gentle agitation using a flat bed rotator, using 5 ml of each solution at room temperature, except for the antibody incubations which were performed at 48C. Samples were then treated for 20 min with 0.2% Triton X-100 in 1 £ PBS, then 30 min in PBTx (1 £ PBS, 0.2% Triton X-100, 0.1% blocking reagent (Roche Molecular Biologicals, Indianopolis, IN, USA)). Following a further blocking step using PBTxN (PBTx containing 5% normal goat serum; 30 min), antibody diluted in PBTxN was incubated with the samples overnight. Next, samples were washed four times, 30 min each in PBTx, blocked in PBTxN, and incubated with secondary antibody overnight. After four final washes in PBTx, samples were mounted on slides under a cover slip using the Slofade Anti-Fade Kit (Molecular Probes Inc., Seattle, WA, USA) and observed using fluorescence microscopy.
Antibodies and fluorescent reagents used were as follows: rabbit anti-MEF2 (Lilly et al., 1995) 1:10,000. Rabbit antiTinman (Yin et al., 1997) 1:2000; mouse anti-b-galactosidase (Promega Corp., Madison, WI, USA) 1:10,000; mouse anti-BRC-Z1 (Emery et al., 1994) 1: 200. Secondary antibodies were either Alexa-488 or Alexa-568 conjugated (Molecular Probes, Inc.) and used at 1:2000. Alexa-488 phalloidin (Molecular Probes, Inc.) was used at 1:500.
For antibody staining of paraffin sections, samples were processed as described previously (Cripps and Olson, 1998) .
